We have investigated infinitely long, monostrand Pt nanowires theoretically, and found that they exhibit Hund's rule magnetism. We find a spin moment of 0.6 µ B per atom, at the equilibrium bond length. Its magnetic moment increases with stretching. The origin of the wire magnetism is analyzed and its effect on the conductance through the wire is discussed.
Introduction
Little is currently understood about how magnetism arises at the nanoscale and how it affects the properties of nanosized metallic objects. Systems of special interest in this context are nanowires and atomic-sized nanocontacts.
The one-dimensional (1D) character of such systems causes specific physical phenomena to appear, most notably quantized ballistic conductance. [1] These phenomena will be heavily affected by the possible presence of magnetism in the nanosystem, especially of a genuine Hund's rule magnetic order parameter. Here, we report theoretical studies of magnetism in Pt monowires, i.e., wires consisting of a single line of equally spaced Pt atoms.
Such objects, several atoms long, have recently been observed by Rodrigues et al. [2] Pt is a transition metal, with a partially filled 5d shell. The free Pt atom has a d 9 s 1 configuration, giving a total magnetic moment of 2 µ B , and therefore it is reasonable to expect that a sufficiently stretched wire should eventually show some type of magnetic ordering. In particular, at the localized side of a Mott transition, one could expect an antiferromagnetic ordering. In the bulk metal, the Pt 5d band is too wide to provoke spin-polarization and there 
Method
The density-functional calculations [5] reported here are all-electron, in order to rule out possible sources of doubt that might arise when using pseudopotentials in presence of magnetism and in a nonstandard configurations. [6] We employed an all-electron full-potential linear muffin-tin orbital (FP-LMTO) basis set [7] together with a generalized gradient approximation (GGA) [8] to the exchange-correlation functional. As a double check, some of the calculations were repeated using the linear augmented plane-wave (LAPW) code WIEN97. [9] None of these calculations assume any shape approximation of the potential or wave functions.
We performed both scalar relativistic (SR) calculations, and calculations including the spin-orbit coupling as well as the scalar-relativistic terms. The latter will be referred to as "fully relativistic" (FR) calculations in the following, although we are not strictly solving the full Dirac equation, or making use of current density functional theory. In the FR calculations, the spin axis was chosen to be aligned along the wire direction.
The calculations were performed with inherently three-dimensional codes.
Thus, the infinitely long, straight, isolated monatomic nanowire was simulated by a regular array of well-spaced nanowires. Convergence of the magnetic moment was checked with respect to k-point mesh density, Fourier mesh density, tail energies, and wire-wire vacuum distance.
Results and Discussion
The magnetic spin moment per atom monowire as a function of bond length is shown in Fig. 1 . The solid line refers to the fully relativistic calculation (FR), and the dotted line to the scalar relativistic (SR) calculation. As seen, the magnetic profiles for the SR and FR calculations are very different. The SR calculation for Pt predicts this metal to be magnetic only for wire bond lengths larger than around 2.7Å, which corresponds to a rather stretched wire, whereas the FR calculation predicts it to be magnetic in the whole range of bond lengths plotted (2.2Å to 3.2Å), with a moment of 0.6 µ B per atom at the equilibrium bond length 2.48Å. For sufficiently large bond lengths (in the interval shown in the figure) the magnetic moment reaches a plateau value, still well below the atomic spin moment 2 µ B . For even larger bond lengths (not shown), the magnetic moment eventually approaches the atomic spin moment 2 µ B . The energy gain per atom due to spin polarization is rather small, around 8 meV for the FR calculation at the equilibrium bond length 2.48Å. Antiferromagnetic Pt monowire configurations were also tested for bond lengths around the equilibrium one, and found to be energetically unstable compared to the ferromagnetic configuration.
Several mechanisms, some favoring and other disfavoring a spin-polarized ground state, are at work in the wire. The number of nearest neighbors is only two in the wire, compared to 12 in bulk. This reduction of the number of nearest neighbors in the wire compared to the bulk causes a narrowing of the 5d band, and the band width may become sufficiently small that the gain in exchange energy due to spin polarization is larger than the increase in kinetic energy. On the other hand, the equilibrium bond length is significantly smaller in the wire, 10% smaller than in bulk, which partly counteracts the band-narrowing effect of the reduced number of neighbors.
Highly important in this context are the very sharp van Hove singularities caused by the one-dimensionality of the system. These give rise to a very high density of states at the Fermi level when a van Hove singularity is sufficiently close to the Fermi level, which in turn results in a Stoner product larger than one, and thus spontaneous spin-polarization.
In order to provide a more detailed analysis of the origin of the magnetism in the wires, we found it useful to analyze the wire band structures. Fig. 2 shows FR band structures of the Pt monowire for several different bond lengths. The bands run from the zone center, Γ, to the zone edge, A, in the direction of the wire. Fig. 3 shows the corresponding SR band structures.
The sharp van Hove singularities manifest themselves in the band structures through the horizontal band edges at the zone edge A and zone center Γ.
Since the orbital character is of critical importance for the moment formation, it is useful to divide the band structure into distinct orbitals -illustrated in Also, more majority bands cross the Fermi level than do minority bands, resulting in a partial spin-polarization of the transmitted electron current. If this current could be measured, it would be a very direct way of confirming the existence of a superparamagnetic state. Rodrigues et al. [2] recently measured the charge conductance of Pt nanocontacts and found features above as well as below G 0 . More theory work will be needed to address their data, explicitly including such elements as tips and temperature. 
